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ABSTRACT There are a limited number of methods available to quantify the extracellular diffusion of macromolecules in an
anisotropic brain region, e.g., an area containing numerous aligned ﬁbers where diffusion is faster along the ﬁbers than across.
We applied the integrative optical imaging method to measure diffusion of the ﬂuorophore Alexa Fluor 488 (molecular weight
(MW) 547) and ﬂuorophore-labeled ﬂexible random-coil dextran polymers (dex3, MW 3000; dex75, MW 75,000; dex282, MW
282,000; dex525, MW 525,000) in the extracellular space (ECS) of the anisotropic molecular layer of the isolated turtle
cerebellum. For all molecules, two-dimensional images acquired an elliptical shape with major and minor axes oriented along
and across, respectively, the unmyelinated parallel ﬁbers. The effective diffusion coefﬁcients, D*major and D*minor, decreased with
molecular size. The diffusion anisotropy ratio (DAR ¼ D*major/D*minor) increased for Alexa Fluor 488 through dex75 but then
unexpectedly reached a plateau. We argue that dex282 and dex525 approach the ECS width and deform to diffuse. In support
of this concept, scaling theory shows the diffusion behavior of dex282 and dex525 to be consistent with transition to a reptation
regime, and estimates the average ECS width at ;31 nm. These ﬁndings have implications for the interstitial transport of
molecules and drugs, and for modeling neurotransmitter diffusion during ectopic release and spillover.
INTRODUCTION
In brain regions containing numerous aligned ﬁbers, extra-
cellular diffusion is anisotropic, i.e., faster along the ﬁbers
than across them (1–4), implying a preferential pathway for
the transport of molecules in the extracellular space (ECS)
(1,5). To date, ECS anisotropy has been measured using
diffusion-based techniques employing a small cation (tetra-
methylammonium (TMA) molecular weight (MW) 74 (1–3))
or a macromolecule of a single molecular size (ﬂuorophore-
labeled dextran, MW 70,000 (4)). However, the ECS ac-
commodates the diffusion of a large range of endogenous
macromolecules, and it is an exclusive route for the inter-
stitial transport of polymer-based drug carriers, therapeutic
proteins, and virus-enclosed genes (6,7). Here, we extended
the integrative optical imaging (IOI) method developed for
isotropicmedia (8,9) to quantify diffusion of a small ﬂuorophore
and a series of ﬂuorophore-labeled polymers in the anisotropic
molecular layer (ML) of the isolated turtle cerebellum.
Anisotropic diffusion in the brain frequently has been
detected using the magnetic resonance technique known as
diffusion tensor imaging (DTI; (10,11)) and the real-time
iontophoretic method (RTI) employing TMA (1–3). The DTI
studies showed that the diffusion anisotropy ratio (DAR ¼
ADCmajor/ADCminor, where ADCmajor and ADCminor are the
apparent diffusion coefﬁcients of water along and across the
ﬁbers, respectively) ranged from 2 to 4 for a variety of ﬁber
types and animal species (for a review, see (12)). Because
DTI combines signals coming from intra- and extracellular
compartments, these studies do not reliably measure aniso-
tropy in either of these domains. Unlike DTI, the RTI method
(13) measures diffusion exclusively in the ECS. The probe
molecule, most commonly TMA, is released into the ECS
from an iontophoretic microelectrode and detected by an ion-
selective microelectrode positioned nearby. Because micro-
electrodes can be repositioned or increased in number, the
method is well suited to determine the diffusion along
the principal axes of the diffusion tensor (1). A limitation of
the RTI method is that it only works with a limited number of
small charged molecules, namely those for which an ion-
selective microelectrode can be made (13), and the method
does notmeasure the diffusion of large or unchargedmolecules.
Clearly, there is a need for a technique that can measure the
diffusion of macromolecules in anisotropic brain regions.
For this purpose, we adopted the IOI method (8,9). The IOI
theory was extended to an anisotropic medium and two dif-
ferent approaches to estimate the DAR were implemented.
Experiments were performed in the ML of the isolated turtle
cerebellum, an anisotropic brain region rich in unmyelinated
parallel ﬁbers (1). We ﬁrst demonstrated the utility of this
new IOI application with a small ﬂuorophore, Alexa Fluor
488 (AF, MW 547), where the inﬂuence of molecular size on
the experimental results is minimal (14). The diffusion
measurements were then repeated with a range of ﬂuo-
rophore-labeled ﬂexible random-coil dextran polymers (i.e.,
dex3, MW 3000; dex75, 75,000; dex282, 282,000; dex525,
525,000).
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MATERIALS AND METHODS
Preparation of isolated turtle cerebellum
The experiments were conducted at New York University School of Medi-
cine in accordance with National Institutes of Health guidelines and local
Institutional Animal Care and Use Committee regulations.
The cerebellum was isolated from adult North American pond turtles
(Trachemys scripta elegans, 450–550 g) of either sex, as described previ-
ously (1). A total of 14 animals were used in this study; and each molecule
was measured in cerebella from three or more turtles. The animals were
anesthetized with ketamine (40 mg/kg, i.m.) and decapitated using a guil-
lotine. The cranium was opened, and the brain removed into artiﬁcial cere-
brospinal ﬂuid (ACSF) containing (in mmol/L): NaCl 103, KCl 5, NaHCO3
40,MgCl2 5, CaCl2 2, D-glucose 20. The ACSFwas gassedwith 95%O2 and
5% CO2 mixture to buffer pH at 7.6. The osmolality of ACSF, determined
with a freezing point-depression osmometer (Osmette A No. 5002; Precision
Systems, Natick, MA), was 295–305 mosmol/kg. The cerebellum was dis-
sected free from the brainstem under a stereomicroscope and the pia mater
was removed from the dorsal surface with ﬁne forceps.
The turtle cerebellum is shaped like a disk ;5-mm wide and 800-mm
thick (15). Molecular and granular layers, each occupying approximately
half the thickness, lie above and below the narrow Purkinje cell layer. A
schematic with a typical recording site in the ML is shown in Fig. 1 a.
For diffusion measurements, the cerebellum was placed in a submersion
recording chamber (model RC-27L; Warner Instruments, Hamden, CT) with
its dorsal surface facing up, and was superfused with ACSF at a ﬂow rate of
2.0 mL/min. The temperature was monitored using a temperature controller
(model TC-344B; Warner Instruments).
Integrative optical imaging (IOI) method
In the IOI method, ﬂuorophore-labeled molecules are pressure-injected from
a glass micropipette into brain tissue or dilute agarose gel (approximating
a free medium) and a sequence of images is captured with a charge-coupled
device (CCD) camera attached to a compound microscope equipped
for epiﬂuorescence. The image sequence is analyzed to extract the effec-
tive diffusion coefﬁcient (D, cm2 s1) and the free diffusion coefﬁcient (D,
cm2 s1) in brain tissue and agarose gel, respectively. The extracellular
tortuosity, a measure of tissue hindrance imposed on the diffusion by the
extracellular microenvironment of the brain, is calculated as l ¼ (D/D)1/2
(13,16).
This study measured diffusion of a small ﬂuorophore, AF (cat. No.
A10436, Invitrogen, Carlsbad, CA) and a series of dextran polymers (dex3
labeled with Texas Red, cat. No. D-3329, from Invitrogen, and several FITC-
labeled dextrans: dex75, cat. No. FD-70S; dex282, cat. No. FD-250S; and
dex525, cat. No. FD-500S, from Sigma-Aldrich, St. Louis, MO). Each ﬂuo-
rescent molecule was dissolved in a solution of 150 mM NaCl to a ﬁnal
concentration of 1 mM for AF and dex3, 0.1 mM for dex75, and 0.01 mM for
dex282 and dex525. The solution of ﬂuorescent molecules was released from a
glass micropipette (pulled from thin-wall glass tubing, cat. No. 6170, A-M
System, Carlsborg, WA) by a brief pulse of compressed nitrogen (10–200 ms,
10–20 psi) controlled by an electronic valve (Parker Hanniﬁn, Fairﬁeld, NJ).
The micropipette, held in a robotic micromanipulator (MP 285, Sutter In-
strument, Novato, CA), was advanced into the specimen at an angle of 31
from the horizontal plane. The tip (diameter 2–4 mm) was positioned 200 mm
below the dorsal surface of cerebellum or 1000mm below the surface in dilute
agarose gel (0.3% in 150 mM NaCl, NuSieve GTG Agarose, FMC Bio-
Products, Rockland, ME). The injection volumes using the described delivery
paradigm are ,1 nL (8,14,17).
The excitation light from a 75 W xenon source mounted on the epi-
ﬂuorescent port of a model No. BX61WI compound microscope (Olympus
America, Melville, NY) was directed to the tissue using a dichroic mirror
with either Texas Red or ﬂuorescein ﬁlter sets. A time sequence of images of
the diffusing ﬂuorescent molecules (Fig. 1 b) was recorded with a cooled
CCD camera (model No. CH350, Photometrics, Tucson, AZ) attached to the
microscope. The sequence acquisition intervals and duration depended on
the molecular weight of the molecule and the diffusion medium; e.g., in the
ML, 20 images were captured over 50 s for AF while 60 images were taken
over 20 min for dex525. For sequence acquisition durations longer than
60 s (i.e., dex75, dex282, and dex525 in the ML), a shutter in the excitation
light path (model Uniblitz VS35 with T132 controller, Vincent Associates,
Rochester, NY) was closed after each exposure to prevent photobleaching.
The images were acquired using V11 software (Digital Optics, Auckland,
New Zealand) and analyzed with a MATLAB-based (The MathWorks,
Natick, MA) program developed in-house (14).
Diffusion measurements made in the agarose gel were processed using a
two-step data analysis (8,18). After subtracting the background image ac-
quired before the injection, the intensity proﬁles were extracted along row,
column, and two diagonal directions from each image and ﬁtted with a
Gaussian curve to obtain the values of g2/4 (see Theory). The value ofDwas
obtained by applying a linear regression to the time series of g2/4. The
analysis of data obtained in the anisotropic ML will be described in Theory.
Diffusion coefﬁcients, D and D, were measured at room temperature
(22–28C) and corrected to 25C using the Stokes-Einstein relationD25¼ D
(T25/T) (h/h25), where T is the absolute temperature and h is the viscosity of
water (19).
FIGURE 1 Anisotropic extracellular diffusion measured with the IOI
method. (a) Schematic of turtle cerebellum (ML, molecular layer; PCL,
Purkinje cell layer; GL, granular layer; PF, parallel ﬁber; PC, Purkinje cell;
and GC, granular cell). Diffusion measurements were done in the horizontal
plane (x,y) of the ML. (b) A time sequence of two-dimensional images (scale
bar 100 mm) of three-dimensional diffusion cloud was captured by the
charge-coupled device (CCD) camera; panel shows a single image at t¼ 6 s.
Dashed lines show the major and the minor axes of elliptical diffusion cloud.
(c) The intensity proﬁles along major (solid line) and minor (not shown) axes
were extracted and ﬁtted with an appropriate theoretical model (dashed line).
The lower 10% of the curves were not used in the ﬁtting.
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THEORY
In an anisotropic medium with principal effective diffusion
coefﬁcientsDx,Dy, andDz in directions of the x, y, and z axes,
the concentration at time t and position (x, y, z), resulting
from a point source of strength Q placed at the origin at time
t ¼ 0, is given (8,20) as
Cðx; y; z; tÞ ¼ Q
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When the source is a micropipette that releases a volume U at
concentration Cf into a medium with volume fraction a, then
Q ¼ U Cf/a (8).
For an ideal point source, a similar approximation to that
used previously (8,9) can be applied to deduce the two-
dimensional projection of a three-dimensional diffusion
cloud. Providing the axis of the optical system coincides with
the principal diffusion axis z, the image intensity expressed in
object space coordinates is
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The values of gx and gy from the three-dimensional Eq. 1 are
therefore preserved in the projected image. The defocusing
inﬂuence of the microscope objective’s point-spread function
is included in the amplitude scaling term E(t). However,
the dependency on the x and y coordinates is contained in
the two-dimensional Gaussian exponential term, and is thus
governed only by the two factors gx and gy. This makes the
analysis relatively simple.
The diffusion anisotropy ratio is given by DAR ¼ Dx/Dy,
where we can assume Dx . Dy. The shape of a projected
diffusion cloud at any given time can be characterized by the
radii Rx and Ry, deﬁned as full width at half-maximum of the
image proﬁles along the x and y axes, respectively. For an
ideal point injection, each radius is directly proportional to
the corresponding gi and the ratio Rx/Ry, and therefore has a
simple relation with the DAR (21):
DAR ¼ Rx
Ry
 2
: (4)
In an experiment using pressure injection, a ﬁnite volume
source rather than a point source is typically obtained. The
ﬁnite injection volume may either inﬁltrate the ECS or form
a cavity (22). Because the injection volume is ,1 nL in a
typical IOI experiment, it is reasonable to approximate this
source by an ideal point source preceding the actual injection
by a time interval t0i (18). The image intensity has the same
expression as in Eq. 3 except that Eq. 2 is replaced by
g
2
i ¼ 4Di ðt1 t0iÞ: (5)
The relation between Rx/Ry and the DAR for a volume source
can be deduced from Eqs. 3 and 5,
DAR ¼ Rx
Ry
 2
t1 t0y
t1 t0x
 
; (6)
where t0x and t0y are the time shifts of the virtual point
sources associated with measurements along the x and the y
axes, respectively. If t0x ¼ t0y, Eq. 6 can be simpliﬁed to Eq.
4. For t0x 6¼ t0y, the DAR approaches (Rx/Ry)2 when
t  jt0x  t0yj: (7)
Equations 5 and 6 suggest two different approaches to
quantify the DAR: either ﬁrst estimate Dx and Dy and then
calculate the DAR (D method), or estimate the DAR directly
from Rx and Ry without obtaining the effective diffusion
coefﬁcients (radii ratio method).
The D method extends the original technique for ex-
tracting D in an isotropic medium. It has four steps.
First, the major and minor axes are extracted from each
image. Brieﬂy, the maximum and minimum values in a given
image, Imax, and Imin, respectively, are determined and two
parameters deﬁned, D ¼ e (Imax  Imin) and Imean ¼ (Imin 1
Imax)/2. The exact value of e is not critical as long as it is small
(e  1), typically e ¼ 0.005. A set of coordinates (x,y) sat-
isfying condition Imean  D # I(x, y) # Imean 1 D is then
found, forming a band through the image at the half-height of
the Gaussian surface with a tolerance in the image intensity
given by 6D. A slightly modiﬁed version of the robust el-
lipse ﬁtting algorithm described by Fitzgibbon et al. (23) is
applied to determine the center of the ellipse, the major and
minor axes, and their orientations with respect to the image
frame (Fig. 1 b).
Second, the intensity proﬁles along the major and minor
axes are extracted for each image and ﬁtted with Gaussian
curves (Fig. 1 c) to calculate the values of g2i =4: The lower
10% of the experimental curves are excluded because of
possible distortion by light scattering in the tissue (Fig. 1 c;
(8)).
Third, Dmajor (i.e., Dx) and Dminor (i.e., Dy) are esti-
mated by ﬁtting g2i =4 as functions of time using a linear re-
gression.
Fourth, the DAR is calculated as Dmajor/Dminor.
The radii ratio method estimates the DAR directly from the
shape of a two-dimensional projection of the diffusion cloud.
Initially, the ellipse with the major and the minor axes is
determined from each image, as described above for the D
method. The ratio Rmajor/Rminor (i.e., Rx/Ry) is then calculated
and the DAR is estimated. For an ideal point source, the DAR
can be obtained using Rmajor and Rminor from any image taken
after the injection (Eq. 4). However, for a ﬁnite volume in-
jection, the DAR depends not only on Rmajor and Rminor but
also on t0x and t0y (Eq. 6). It is therefore necessary to record
for a sufﬁciently long time period, making the difference
between t0x and t0y negligible. After the radii ratio stabilizes
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for times t . tthreshold, Eq. 4 becomes a good approximation
for Eq. 6.
Numerical simulations
Numerical simulations were employed to assess the limita-
tions of the radii ratio method and compare it with the D
method. In particular, we tested how the time tthreshold de-
pends on the magnitude ofD and on the size and shape of the
ﬁnite injection volume. A series of images resulting from
elliptical injections of point particles into an anisotropic
medium characterized by Dmajor and Dminor were simulated
with a program written in MATLAB. The simulated data sets
were processed by both methods.
To examine the effect of D magnitude, the values of DAR
were estimated with the radii ratio method for two sets of
D values (ﬁrst set was Dmajor ¼ 2.12 3 106 cm2 s1 and
Dminor ¼ 1.44 3 106 cm2 s1, mimicking the experimental
values obtained with AF; in the second set, both Dmajor and
Dminor were 10 times smaller than in the ﬁrst set). The in-
jection was spherical with the diameter d¼ 100 mm. Fig. 2 a
shows that the DAR estimates stabilized much faster for
larger D values. In contrast, the DAR was still increasing at
200 s for the second set of smaller D values. This is easily
explained because for any given injection diameter, the times
t0x and t0y become larger for slower molecules (t0i } 1/D

i ).
However, all time variables are scaled by the diffusion co-
efﬁcients in the same way, and the effect of slower molecules
on t0i can be reversed by simply extending the recording
period t. Unlike the radii ratio method, theD method utilizes
the whole image time series and provides correct answers for
any t0x and t0y even when the condition given by Eq. 7 is not
satisﬁed.
The effect of injection size was examined using three
spherical injection diameters (2 mm, 100 mm, and 200 mm)
while keeping the same anisotropic environment (Dmajor ¼
2.12 3 106 cm2 s1 and Dminor ¼ 1.44 3 106 cm2 s1,
giving theoretical DAR ¼ 1.47). The smallest injection di-
ameter approximates a point source. An experimentally re-
alistic diameter of 100 mm corresponds to a volume of 0.1 nL
(8,14,17) injected into ECS occupying 30% of the tissue
volume. This ECS volume fraction matches the experimental
value obtained in the ML of an isolated turtle cerebellum (1).
The largest diameter (d ¼ 200 mm) represents an extreme
case of a very large injection, not typically used in the ex-
periments. Fig. 2 b demonstrates that for a point source, the
DAR stabilizes instantaneously (estimated DAR ¼ 1.49). As
expected, the stabilization takes longer for larger injection
diameters (Fig. 2 b) because the time offsets t0i are propor-
tional to the injection diameters (t0i } d2i ). As before, the D

method is unaffected.
The projection of the initial injection volume encountered
in the experiments often resembles an ellipse rather than a
circle. To evaluate the effect of this asymmetry on the DAR
estimates, the same anisotropic environment as before was
simulated (Dmajor¼ 2.123 106 cm2 s1 andDminor¼ 1.443
106 cm2 s1) but the injection volumes were elliptical with
varying degrees of eccentricity. For all injections, the diam-
eter dmajor was set to 100 mm while dminor was 200, 100, 82,
and 50 mm. At time t ¼ 0, (Rmajor/Rminor)2 ¼ (dmajor/dminor)2
was 0.25, 1.00, 1.49, and 4.00 while the theoretical DAR was
always 1.47. As documented in Fig. 3, the DAR estimates
provided by the radii ratio method were increasing or de-
creasing with time from their initial values to ultimately
converge to 1.49 for all injections. Note that for dmajor/dminor¼
0.5, the major axis ﬂips (marked by an arrowhead in Fig. 3) to
align with the direction of Dmajor. The inset of Fig. 3 docu-
ments that estimates obtained by theD method do not depend
on the eccentricity in the initial ellipse at all. These estimates
were very close to the correct theoretical value for all injection
shapes considered. The initial diameter dminor merely affected
the time offset t0y, which was reﬂected in the vertical offsets of
the ﬁtted lines.
In summary, the simulations suggest that the D method is
much more robust than the radii ratio method. The radii ratio
method is more sensitive to the size of the injection volume,
as well as to its shape. The radii-ratio method is very simple,
however, and can be successfully employed for small injec-
tion volumes. When it fails, this is easily detected by ob-
serving the time course of the generated DAR estimates.
RESULTS
Although the DARs obtained by the IOI method involve only
the two principal diffusion coefﬁcients in a horizontal plane,
it is useful to note that the IOI method itself assumes three-
FIGURE 2 Estimation of the DAR from sim-
ulations: radii ratio method. (a) Injection vol-
ume diameter d was set at 100 mm (spherical
injection volume 0.1 nL with volume fraction
0.30). Two sets of Dmajor and Dminor were used.
The radii ratio stabilizes faster for the larger D.
(b) The values of Dmajor and Dminor were set at
2.123 106 cm2 s1 and 1.443 106 cm2 s1,
respectively. Three different spherical injection
volumes, with diameters d ¼ 2, 100, 200 mm,
were used. The radii ratio stabilizes faster for a
small injection.
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dimensional diffusion. The defocused point-spread function
of the microscope objective then results in a weighted inte-
gration of the light intensity that is largely limited to a thin
horizontal slab through the three-dimensional cloud of dif-
fusing molecules and centered on the plane of focus (typi-
cally located at 200-mm depth in brain tissue). The effective
thickness of this slab is a function of the depth of ﬁeld,
;14 mm with our setup (9). As long as one principal axis of
the diffusion tensor coincides with the optical axis of the
objective, the diffusion along this axis does not inﬂuence the
anisotropy results in the two remaining horizontal directions
(see Theory). However, this also means that no information
can be obtained about the diffusion in the vertical axis.
Free diffusion coefﬁcient of AF and
dextran polymers
We ﬁrst measured D for AF, dex3, dex75, dex282, and
dex525 in dilute agarose gel (0.3% agarose in 150 mM
NaCl). Values of D are used later to estimate the hydrody-
namic diameter (dH) and diameter of gyration (dG) of mole-
cules in a solution, and to calculate l. In Fig. 4 a, a sequence
of representative images of AF is shown. This data set was
also analyzed with the program developed for the anisotropic
diffusion. The DAR estimates were smaller than 1.1 for all
images (Fig. 4 e). The linear regression curves ﬁtted to the
time series of g2/4 extracted along major and minor axes
almost overlap (Fig. 4 f ), indicating isotropic diffusion
(DAR¼ 1.04;Dmajor¼ 4.333 106 cm2 s1;Dminor¼ 4.143
106 cm2 s1 at 25C). As expected, diffusion of dextran
polymers in agarose gel was also isotropic (data not shown).
The values of D are summarized in Table 1.
Anisotropic diffusion of AF in the ML
We next measured diffusion of AF in the horizontal plane
(x,y) in the ML (Fig. 1 a). Compared to agarose gel, the
diffusion cloud of AF in the ML acquired an elliptical shape
and dispersed more slowly (Fig. 4 b). As AF diffused in the
ML, the DAR estimates increased from 1 (spherical injec-
tion) to 1.48 within 20 s, and remained stable thereafter
(Fig. 4 e). The DAR obtained with the radii ratio method was
thus 1.48. The experimental DAR estimate versus time curve
(Fig. 4 e) fell between the simulated curves with d equal to 2
and 100mm (Fig. 2 b), indicating an injection volume smaller
than 0.1 nL (assuming penetration into an ECSwith a volume
fraction of 0.3). This injection volume agrees with previous
estimates (8,14,17).
Use of the D method to evaluate data is documented in
Fig. 4, c, d, and f. Representative examples of data super-
imposed on the theoretical curves are shown in Fig. 4 c, and a
series of theoretical curves for both axes is shown in Fig. 4 d.
At t¼ 0 s, the theoretical curves overlap. Over time, the peaks
of both curves corresponding to the injection site stay over-
lapped but the major axis (blue curve) expands faster than the
minor axis (red curve), resulting in a higher extracellular
concentration of the ﬂuorophore along the parallel ﬁbers.
The Dmajor and Dminor values (Dmajor . Dminor, p , 0.001,
Wilcoxon Signed Rank Test) were obtained from curves of
g2/4 versus time (Fig. 4 f), and lmajor, lminor and DAR were
calculated. The DAR was 1.48, which agrees well with the
result obtained by the radii ratio method. TheD, l, andDAR
obtained in all experiments are given in Table 1.
Although the injection shown in Fig. 4 b was spherical,
;80% of the injections produced a cloud that initially had an
elongated shape. Seventy percent of the injections started with
radii ratio smaller than the square root of DAR obtained by the
D method while 10% of the injections had a larger initial radii
ratio. As shown by the simulations (Fig. 3), the elongated shape
may prolong the time necessary to reach the tthreshold in the radii
ratio method but it has negligible effect on the D method.
In summary, the AF was successfully employed to show
the utility of the IOI method in quantifying anisotropic dif-
fusion in the ECS. The two methods of estimating the DAR
arrived at similar values, thus demonstrating the applicability
of both approaches for small molecules.
Anisotropic diffusion of dextran polymers
in the ML
We next repeated the diffusion measurements in the ML for
dex3, dex75, dex282, and dex525. For all dextran polymers,
the diffusion cloud acquired an elliptical shape. The mole-
cules diffused more slowly and the hindrance imposed by the
tissue (l) increased with molecular size. The representative
data sets for dex75 and dex525 are shown in Fig. 5. The
D (Dmajor.Dminor, p, 0.001, t-test), l, and theDAR values
obtained in all experiments are summarized in Table 1. We
FIGURE 3 Estimation of the DAR from simulations: radii ratio method
versus D method. Several elliptical injections with Rmajor/Rminor equal to
2.00, 1.22, 1.00, and 0.5 at t ¼ 0 s were simulated and analyzed. It took
.150 s to obtain the value of DAR with radii ratio method. By contrast, the
D method (inset) can quantify the DAR at any time point after the injection
from as few as two subsequent images (in practice, the whole series is
analyzed). See text for details.
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note that the g2/4 versus curves for dex282 and dex525 were
not always linear at early times (Fig. 5 c); these time intervals
(i.e., initial 100 s and 200 s for dex282 and dex525, respec-
tively) were excluded from the analysis.
For dextran polymers, the DAR (Table 1) was quantiﬁed
with the D method because the radii ratio method would
require very long recording times. In fact, when we made a
comparison with dex75 and AF using the ratio-radii method
we found that AF stabilized at ;20 s, while the DAR esti-
mates for dex75 kept increasing beyond 200 s. This con-
ﬁrmed that, unless longer records are obtained, the radii ratio
method is not suitable for large molecules.
In summary, the diffusion of dextran polymers was an-
isotropic in the ML and l increased with molecular size,
indicating growing hindrance as molecules increase in size.
DAR depends on the size of diffusing molecules
One important outcome of this study is the quantiﬁcation of
the DAR for a series of molecules spanning a large range of
sizes (Table 1). Comparison of the DARs for AF and all dex-
tran polymers revealed an unexpected ﬁnding (Fig. 6): the
anisotropy was increasing from the smallest AF molecule
through dex75 but it reached a plateau for the three largest
dextran polymers. Statistical ANOVA analysis conﬁrmed a
statistically signiﬁcant difference among the molecular groups
(p , 0.001), justifying a pairwise comparison. A post hoc
Tukey test showed that the values of DAR obtained for the
three largest (plateau-forming) molecules, average DAR ¼
1.78, are signiﬁcantly higher than the DAR of AF and dex3
(p , 0.05).
FIGURE 4 Diffusion of AF in agarose gel and ML of
isolated turtle cerebellum. (a) Sequence of images taken
after the injection of AF in agarose gel (scale bar 100 mm).
The ﬁrst image taken shortly after the injection is labeled as
t¼ 0 s here and elsewhere. (b) Sequence of images taken in
the ML (scale bar 100 mm). Extracted elliptical contours are
shown below the images. (c) Fluorescence intensity proﬁles
(black) extracted at t¼ 30 s along major and minor axes are
superimposed with theoretical curves (blue, major; red,
minor). (d) Theoretical curves obtained along major and
minor axes at times as in panel b are shown superimposed
to emphasize the differences in the shape between major
and minor axes. (e) After a spherical injection, the DAR
estimate gradually increased and stabilized at ; 20 s in
anisotropic ML (circles). In isotropic dilute agarose gel, the
DAR estimate remained ,1.1 (triangles). (f) The values of
Dmajor and Dminor were estimated from the g
2/4 versus time
curves. In anisotropic ML, the values of Dmajor and Dminor
were 24.5 3 107 cm2 s1 and 16.7 3 107 cm2 s1,
respectively, at 25C. In isotropic dilute agarose gel, the
values of Dmajor (43.33 10
7 cm2 s1) and Dminor (41.43
107 cm2 s1) obtained at 25C were similar as indicated
by overlapping g2/4 versus time curves (crosses, data; lines,
linear regression).
Anisotropic Diffusion of Polymers 1387
Biophysical Journal 95(3) 1382–1392
DISCUSSION
The IOI method was originally developed to measure the
extracellular diffusion of ﬂuorescent and ﬂuorophore-labeled
molecules in isotropic brain tissue (8,9). Visualization of the
diffusion cloud together with rigorous quantiﬁcation make
the IOI method a potentially powerful tool to study diffusion
in anisotropic brain regions. Here we extended the theory of
IOI for anisotropic media, implemented two approaches to
estimate the DAR, and measured the diffusion of AF and a
series of ﬂuorophore-labeled ﬂexible random-coil polymers
in the anisotropic ML of isolated turtle cerebellum. For all
molecules tested, images of diffusing molecules acquired an
elliptical shape with major and minor axes oriented along and
across, respectively, the unmyelinated parallel ﬁbers in the
ML. The diffusion along both axes became more hindered as
the size of the molecules increased with the DAR also in-
creasing. Surprisingly, however, the DAR reached a plateau
for dex75, dex282, and dex525.
Methods to measure anisotropic
extracellular diffusion
Apart from DTI and RTI, two ﬂuorescence-recovery-after-
photobleaching-based optical methods, elliptical surface
photobleaching (ESP; (4)) and ﬂuorescence imaging of
continuous point photobleaching (FICPP; (21)), have re-
cently been applied to measure anisotropic diffusion in tissue.
TABLE 1 Diffusion of AF and dextran polymers measured with IOI method
Agarose gel Molecular layer of isolated turtle cerebellum
Molecule MW
D
(107 cm2 s1)
dH
(nm)
dG
(nm)
Dmajor
(107 cm2 s1) lmajor
Dminor
(107 cm2 s1) lminor DAR
AF 547 43.69 6 2.71 (28) 1.1 1.7 21.23 6 1.15 (12) 1.44 6 0.03 14.36 6 1.09 1.75 6 0.06 1.48 6 0.07
dex3 3000 23.25 6 1.46 (20) 2.1 3.2 8.95 6 1.31 (32) 1.63 6 0.12 5.65 6 0.83 2.05 6 0.15 1.58 6 0.13
dex75 75,000 4.16 6 0.16 (11) 11.8 17.7 1.24 6 0.11 (10) 1.84 6 0.08 0.70 6 0.09 2.45 6 0.16 1.77 6 0.17
dex282 282,000 2.34 6 0.13 (10) 21.0 31.5 0.49 6 0.09 (13) 2.21 6 0.19 0.28 6 0.06 2.97 6 0.31 1.81 6 0.20
dex525 525,000 1.54 6 0.09 (11) 31.8 47.9 0.23 6 0.05 (9) 2.63 6 0.32 0.13 6 0.04 3.49 6 0.55 1.76 6 0.18
Data are expressed as mean 6 SD. Total number of records is shown in parentheses. Diffusion coefﬁcients shown here were obtained at or corrected to 25C
(see Materials and Methods for details). dH ¼ kT/(3phD), where dH is hydrodynamic diameter, k is Boltzmann’s constant, T is absolute temperature, and h is
the viscosity of water. dG ¼ dH/0.665, where dG is gyration diameter. l ¼ (D/D)1/2. DAR ¼ Dmajor/Dminor.
FIGURE 5 Anisotropic diffusion of dextran
polymers in ML of isolated turtle cerebellum.
Images and intensity proﬁles (green) superim-
posed with theoretical curves (orange) for dex75
(a) and dex525 (b) are shown (scale bar
100 mm). (c) The g2/4 versus time curves (cir-
cles, dex75; crosses, dex525; lines, linear regres-
sion) yielded Dmajor and Dminor values 1.39 3
107 cm2 s1 and 0.88 3 107 cm2 s1,
respectively, for dex75 at 25.5C, and 0.14 3
107 cm2 s1 and 0.08 3 107 cm2 s1,
respectively, for dex525 at 24C. Linear regres-
sion lines for dex75 are steeper indicating higher
values of Dmajor and Dminor. For dex525, data
obtained for t , 200 s (dashed vertical line)
show nonlinearity and were excluded from the
analysis.
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The ESP was the ﬁrst method to quantify macromolecular
diffusion in the ECS of an anisotropic brain area, speciﬁcally
the white matter of mouse spinal cord in vivo (4), while the
FICPP was applied to collagenous connective tissue (21). In
these methods, ﬂuorophore-labeled dextran polymers are
delivered to the tissue by bath application. In the ESP
method, an elliptical spot having its major axis aligned either
along or across the ﬁbers was bleached and the ﬂuorescence
recovery was measured. In the FICPP method, a spot was
continuously bleached as the images were acquired. The ESP
and FICPPmethods can provide data on anisotropic diffusion
of a wide range of ﬂuorescent molecules in the tissue but they
have some notable limitations.
First, both methods require a homogenous distribution of
ﬂuorescent molecules, conﬁned to the ECS. During the in-
cubation period, molecules might enter cells, thus adding an
intracellular component to the signal. Additionally, if phys-
iologically relevant molecules, such as growth factors are
employed, the prolonged exposure of the tissue to such
molecules may alter the extracellular environment at the re-
cording site. Second, bleaching with a laser light might bring
about tissue damage. Third, the plane containing the ﬁbers
has to be correctly identiﬁed in both methods. The FICPP
method then determines the major and minor axes from a
two-dimensional image and quantiﬁes the DAR; D is not
obtained. For the ESP, the investigator also has to identify the
orientation of ﬁbers in the plane to align the elliptical pho-
tobleaching spot along and across the ﬁbers. Inaccuracies in
the alignment inﬂuence the DAR quantiﬁcation, and conse-
quently the DAR-based estimate of D. This may be the
reason why a standard deviation equal to 80% of the DAR
mean was reported by Papadopoulos et al. (4).
In the IOI method, no dye incubation is needed because the
ﬂuorescent molecules are released locally into the tissue.
However, the injection must release very small volumes (in a
subnanoliter range) to avoid tissue damage. Photodamage is
not a concern in the IOI method as the tissue receives only
brief exposures to a relatively weak light from a xenon lamp.
Similarly to the ESP and FICPP, the plane where the ﬁbers
are localized needs to be correctly identiﬁed but, unlike either
of the photobleaching methods, the IOI method can quantify
both the DAR and the D from a single image sequence. One
useful improvement of the IOI method, especially for the
studies on anisotropy, would be the acquisition of a detailed
z-stack of images to estimate the diffusion tensor regardless
of the orientation of the preparation; this improvement would
likely require the use of confocal or two-photon techniques
(24) and might introduce problems with photobleaching.
Anisotropic diffusion of AF in brain ECS
measured with IOI
The D values for the small AF molecule measured along the
major and minor axes gave a DAR value of 1.48. This ex-
perimental DAR can be compared with model predictions
based on the diffusion of point particles in an environment
occupied by aligned elongated cells (25,26).When these cells
are packed so as to leave a 30% volume fraction for the ECS,
which matches the experimentally determined value of ECS
volume fraction for the turtle ML (1), the simulatedDARs are
in the range from 1.5 for a periodic arrangement of ﬁber el-
ements ﬁve times longer than they are wide (estimated from
Fig. 4 in (25)), to 1.7 for inﬁnitely long ﬁbers (based on Eq.
27a in (26)). The aligned parallel ﬁbers may thus account for
anisotropy in theML. However, there are at least two caveats.
First, the parallel ﬁbers occupy ,70% of the tissue volume,
and second, the experiment indicates thatDmajor,Dwhereas
the models have Dmajor  D. The experimental Dmajor value
likely reﬂects the imperfect alignment of ﬁbers in turtle ML
(27), leading to a lower DAR. Other factors present in the
tissue but not incorporated in the model, such as numerous
cellular processes misaligned with the parallel ﬁbers, or in-
teractions with the extracellular matrix and plasma mem-
branes as proposed for the spinal cord tracts by Papadopoulos
et al. (4), may also affectD but are less likely to contribute to
anisotropy.
The DARAF measured in turtle ML is comparable to the
anisotropy measurements with the RTI method in corpus
callosum of P21-23 rats in vivo ((3), a ¼ 0.26, DARTMA ¼
1.36), and in the isolated spinal cord of P7-8 rats ((2),a¼ 0.27,
DARTMA¼ 1.31). Surprisingly, application of the RTI method
in turtle ML (1), which contains less orderly ﬁbers than the
white matter tracts, obtained DARTMA ¼ 1.85. This higher
value arises from large tortuosity across the ﬁbers (ly, TMA ¼
1.95 while ly, AF ¼ 1.75); the tortuosity along the ﬁbers was
similar to our measurement (lx, AF ¼ lx, TMA ¼ 1.44).
Comparison of these results reiterates the question of the
cause of anisotropy in brain regions containing ﬁber tracts.
Theoretical and experimental results obtained with DTI have
suggested that an orderly arrangement of axonal membranes
is the primary cause of anisotropy while the degree of an-
isotropy can be modulated by myelination (12). However,
FIGURE 6 Summary of DAR values measured with AF and dextran
polymers. The DAR for a group of dex75, dex282, and dex525 is signif-
icantly larger (asterisks) than for AF and dex3 (see text for details). Dotted
line shows the plateau at DAR ¼ 1.78.
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DTI works with a mixture of extracellular and intracellular
signals. This may lead to much higher values ofDAR because
the diffusion of water inside the ﬁbers is constrained by the
membranes, thus signiﬁcantly reducing the apparent diffu-
sion coefﬁcient across the ﬁbers. Data obtained with all
methods suggest that the geometry of ﬁber tracts does sig-
niﬁcantly contribute to the ECS anisotropy but the role of
other factors needs further investigation.
Dependence of DAR on molecular size
We showed that in the anisotropic ML, Dmajor and Dminor
decreased as the molecular weight increased. The depen-
dence of D and l on the size of the diffusing molecule was
reported previously in isotropic brain regions ((8,28–31); but
see (32)). To the best of our knowledge, this is the ﬁrst study
that quantiﬁes the diffusion of a series of molecules spanning
a 1000-fold difference in MW (547–525,000) in an aniso-
tropic brain region. While D decreased monotonically as
expected, the DAR showed a bimodal behavior: an increase
for AF through dex75 followed by a plateau.
The initial increase in the DAR (from 1.48 to 1.77) quali-
tatively agrees with the prediction of a model examining the
diffusion of hard spheres between parallel rods (33). Han and
Herzfeld’s model (33) predicts an increase in the DAR as the
size of the sphere gets larger. Recent experiments in aniso-
tropic collagenous tissues (21) support the general trend
predicted by Han and Herzfeld’s model, although the ex-
perimental results did not match the model quantitatively.
In contrast to the monotonic increase of the DAR with size
for smaller molecules, we observed no DAR increase for
dextran polymers larger than dex75. This result suggests that
either the cerebellar ML environment or the diffusing dextran
macromolecule behaves in a more complicated manner than
expected.
The ﬁrst possible explanation could lie with the structure
of the diffusion environment. The parallel ﬁbers are not the
only geometrically ordered elements in the cerebellar ML.
The vast and largely planar dendritic trees of Purkinje cells
may represent additional obstacles in a direction perpendic-
ular to the parallel ﬁbers. Small molecules may get around
these dendritic processes easily while larger molecules could
be increasingly hindered by them. It is conceivable that the
combined effect of the mutually perpendicular parallel ﬁbers
and dendritic trees could work against the expected increase
of anisotropy with molecular size, thus creating the plateau
shown in Fig. 5.
A second possibility based on the properties of the diffu-
sion environment is that the parallel ﬁbers to some degree
dynamically adjust to accommodate passage of larger mol-
ecules. It has been documented that neuronal and glial pro-
cesses are capable of dynamic behavior (34,35), even
though the required degree of ﬂexibility would be consider-
able given the large span of molecular diameters in our ex-
periments.
Explanations based on the properties of brain diffusion
environment, however, encounter difﬁculty reconciling the
tortuosities obtained with dextran polymers with those re-
ported for quantum dots of a similar hydrodynamic diameter.
While lmajor and lminor for dex525 (dH¼ 31.8 nm) were only
2.6 and 3.5, respectively, much larger l ¼ 10.6 was reported
for quantum dots (dH¼ 35.4 nm) in the rat neocortex in vivo
(31). Even though these results were obtained in different
species and brain regions, it seems likely that the properties of
the diffusing molecules rather than the environment deter-
mine the diffusion behavior of larger dextrans.
We argue that the most likely explanation of the DAR
plateau is that dextrans are ﬂexible polymers (36, 37), free to
change their shape when constrained by the environment.
This ﬂexibility arises from large conformational freedom of
the a-1,6 linkage connecting the D-glucan units into a chain,
which allows these polymers to diffuse through pores of a
width smaller than the molecular hydrodynamic diameter
(36). We propose that diameters of dex282 and dex525 ap-
proach the width of the channels in the ECS, compelling
these ﬂexible polymers to change conformation into a more
elongated form to diffuse.
The importance of molecular shape for transport in the brain
interstitium was previously demonstrated by Prokopova´-
Kubinova´ et al. (18), who showed that for linear polymers
composed of poly[N-(2-hydroxypropyl) methacrylamide]
with molecular weights up to 1,057,000 the tortuosities were
surprisingly small, in the range of only 1.5–1.7 in the rat neo-
cortex in vitro. We note, however, that direct comparison of
the poly[N-(2-hydroxypropyl) methacrylamide] result with
our data has to be undertaken with caution. In addition to
working with a different species and a different brain region,
Prokopova´-Kubinova´ and co-workers acquired their image
sequences over relatively short times (200 s), even for the
largest polymers. In our study, these early times were excluded
from the analysis because of nonlinearity of the g2/4 versus
time curve (see Results).
Scaling theory offers an explanation for diffusion
behavior of dextran polymers
We sought support for our interpretation of the DAR plateau
from scaling theory developed in polymer physics (38).
Scaling theory separates the diffusion behavior of polymer
chains in porous media into two regimes based on the rela-
tionship between the diameter of gyration (dG ¼ dH/0.665;
(39)) and the pore width (a), with a transition in the diffusion
behavior at dG¼ a. When dG, a, the diffusive behavior of a
polymer chain is described by the Zimmmodel (D}MW0.5;
(40)). For dG. a, reptation theory (D }MW
2) is applicable
(38). We applied scaling theory to test whether the diffusion
behavior of the two largest dextran polymers was consistent
with the reptation regime. A good correlation would support
the possibility of a conformational change of larger dextrans
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in brain ECS. Furthermore, the transition point would provide
an estimate of the average width of the ECS in the ML.
The diffusion coefﬁcients of AF and dextran polymers
were plotted as a function of the molecular weight in Fig. 7,
using a log-log scale. In agarose gel, the slope of the curve
gave a scaling exponent of0.49, which agrees well with the
Zimm model (40) and other experimental observations
(41,42). In the ML, the diffusion of dextran molecules fell
into two different regimes. For AF and the two smaller
dextrans (dex3 and dex75), theD of dependence on the MW
gave a scaling exponent of –0.58 for the major axis and –0.62
for the minor axis. These exponents are in a reasonably good
agreement with Zimm’s prediction. By contrast, the two
larger dextrans (dex282 and dex525) gave a scaling exponent
of –1.22 for the major axis and 1.23 for the minor axis.
Although theory predicts a scaling component of –2.0 for the
reptation regime, we consider our data to be in quite good
agreement, given that a scaling exponent of 1.55 was ob-
tained with DNA chain molecules in a well-characterized
artiﬁcial medium consisting of 2% agar gel (42).
As mentioned above, a equals dG at the intersection of the
two scaling regimes, permitting an estimate of the average
width of the interstitial spaces in the ML of the isolated turtle
cerebellum. The two regimes intersected approximately at
MW 211,000 andMW232,000 for the major and minor axes,
respectively (Fig. 7). To obtain dG for these molecules, we
ﬁrst used the correlation D ¼ 8.63 3 105 MW0.48, appli-
cable for dextrans at 25C (43, 44) to calculate free diffusion
coefﬁcients. All our experimental data in agarose gel are in
good agreement with this relation. The resulting D values
(2.40 3 107 cm2 s1 and 2.29 3 107 cm2 s1 for MW
211,000 and MW 232,000, respectively) were used to cal-
culate dH with the Stokes-Einstein equation (dH ¼ k T/(3 ph
D), where k is Boltzmann’s constant, T is the absolute tem-
perature, and h is the viscosity of water). Finally, dG was
calculated. The width of the interstitial gaps was thus esti-
mated to be 30.7 nm and 32.2 nm for the major and minor
axes, respectively, to give an average value of 31 nm.
An important but unexpected outcome of our study is the
above estimate of the average ECS width in the living tissue.
Because of their minute dimensions, the interstitial spaces are
impossible to visualize in the living tissue and this parameter
is therefore typically measured in ﬁxed tissue with electron
microscopy (EM). The value of 20–25 nm obtained in mice
cerebellar ML prepared for EM by freeze substitution (45) is
lower than our estimate of ;31 nm in the turtle. The lower
value in mice likely reﬂects movement of water between
extra- and intracellular compartments during processing of
the tissue for EM (45). Although difference in ECS width
between the two species cannot be excluded, it is less likely.
Another estimate based on diffusion experiments with dex-
trans and quantum dots in rat neocortex was reported by
Thorne and Nicholson (31), who employed the restricted
diffusion theory (46,47) to put the ECS width in the range of
38–64 nm.
In conclusion, this study demonstrates the utility of dif-
fusion analysis in unraveling some of the complexities of the
ECS structure, quantifying the diffusion coefﬁcients of
molecules, and obtaining parameters of the brain micro-
structure, e.g., the width of interstitial gaps in living tissue.
The results have signiﬁcance for the transport of molecules
and drugs in the ECS and for generation of models with re-
alistic parameters to study neurotransmitter diffusion, par-
ticularly during ectopic release (48,49) and spillover (50),
which have been shown to mediate extrasynaptic signaling
between cells in the ML of cerebellum.
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